Context: Levothyroxine (LT 4 ) monotherapy is the standard of care for hypothyroidism.
T he ideal therapeutic goal in hypothyroidism would be to restore clinical and biochemical euthyroidism via physiologic thyroid hormone replacement. This concept may seem straightforward, but there are subtleties that have only recently been recognized by the medical community (1, 2) . For the last four decades, the standard approach for thyroid hormone replacement in hypothyroidism has been administration of levothyroxine (LT 4 ) at doses that normalize the serum TSH (3) . This strategy has been justified with the knowledge that, in humans, the iodothyronine deiodinases in peripheral tissues produce most of the circulating active form of thyroid hormone, triiodothyronine (T 3 ), via conversion from thyroxine (T 4 ) (4). The hypothesis that LT 4 'monotherapy' will maintain an adequate serum pool of T 4 and that the iodothyronine deiodinases will then provide physiologic regulation of T 3 availability has been held with much conviction (5) .
The dogma in clinical thyroidology that LT 4 monotherapy at doses that normalize serum TSH is sufficient to restore euthyroidism (1, 2) has come into question as evidence suggests a significant proportion of patients treated with LT 4 continue to experience residual symptoms of hypothyroidism, including psychological (6) and metabolic (7) effects. One hypothesis to explain this phenomenon is that serum levels of T 3 might not be fully normalized, (8) ie, T 4 -to-T 3 conversion in these patients may be insufficient to restore levels to those achieved when thyroidal secretion of T 3 is intact. A second hypothesis is based on the fact that in many tissues, intracellular T 3 levels cannot be predicted based on circulating thyroid hormone levels due to the actions of the types 2 and 3 deiodinases. Thus, in some tissues a relatively higher serum T 4 level could result in enhanced thyroid hormone signaling without affecting circulating T 3 levels (9). In contrast, in other tissues the relatively higher serum T 4 levels could impair intracellular T 3 production via downregulation of a deiodinase pathway (10) . In fact, an animal model of primary hypothyroidism supports the hypothesis that LT 4 monotherapy does not achieve systemic euthyroidism. Thyroidectomized rodents treated with LT 4 at doses that normalize serum TSH exhibit relatively lower serum T 3 and higher serum T 4 levels as well as markers of hypothyroidism within their brain, skeletal muscle, and liver tissues (10, 11) . However studies in humans are necessary given that interspecies differences could limit the translatability of these findings (5) . Lastly, symptomatic differences between healthy euthyroid individuals and LT 4 -treated patients that have normal serum TSH could be independent of serum T 4 and/or T 3 levels but rather due to multiple other confounders (6, 12) .
Hypothyroidism is a prevalent condition (13) and levothyroxine is commonly prescribed; in 2015 levothyroxine was the single most commonly prescribed medication in the US (14) . Thus understanding whether all parameters of hypothyroidism are universally restored by LT 4 monotherapy has great clinical significance. Here we used publically available data from NHANES, a well-defined, large, cross-sectional population study to evaluate whether individuals on LT 4 monotherapy were the same as those not using LT 4 in terms of thyroid function tests, thyroid hormone related markers, and to identify clinical factors associated with serum T 3 :T 4 ratios.
Materials and Methods

Study Participants
Publically available data was obtained from the US National Health and Nutrition Examination Survey (NHANES), a large, multistage, survey assessing the health and nutritional status of Americans. The eligible population was restricted to individuals Ն 18 years of age who had serum TSH, free T 3 , total T 3 , free T 4 and total T 4 measured during an NHANES cycle (2001-2002, (15) 2007-2008, (16) 2009 -2010, (17) and 2011-2012 (18) ). The same assays were utilized to measure serum TSH, free T 3 , total T 3 , free T 4 and total T 4 for all NHANES cycles. Participants were excluded if they had a serum TSH level outside of the reference range (0.24 -5.40 mIU/L, n ϭ 450), were pregnant, were taking thyroid-related supplements, methimazole, propylthiouracil, liothyronine, steroids, amiodarone, lithium, desiccated thyroid preparations, antiepileptics or dopaminergic analogues (n ϭ 280; Figure 1 ). Data were obtained from demographic, questionnaire, and laboratory files; all data were 
Statistical methods
Analyses were completed with SPSS (version 22.0) (20) . Participants were grouped based on report of LT 4 use at interview. Two control groups were identified: healthy controls (remaining sample not using LT 4 ) and matched controls, matched to 1:1 for serum TSH, age (both matched within 2 standard deviations of the LT 4 -treated population's mean), sex, and race/ethnicity to LT 4 treated individuals. Differences between groups were compared using 2 and Student's t test. Differences in thyroid hormones were compared between individuals below and above the entire population's TSH mean (1.75 mIU/L) within each group.
Pearson's correlation coefficients were calculated to describe the relationship between serum free T 3 :free T 4 ratio and variables. Despite known problems with measurement of serum free T 3 , (21) this was selected for use in these analyses in an effort to control for estrogen status between diverse study participants. Univariate linear regression was used to determine variables significantly associated with serum free T 3 :free T 4 ratio; unstandardized regression coefficients were reported. Finally, multivariate linear regression was utilized to describe the association of free T 3 :free T 4 ratio while controlling for significant variables; variables identified as significant from the both the LT 4 treated and matched controls' univariate analyses were entered into a forward selection model. The current analysis was a cross-sectional examination of serum thyroid levels among LT 4 -treated vs nontreated individuals and not meant to be representative of the national population. Thus, sample weights were not used to adjust for oversampling of selected groups. participants had a normal serum TSH level and met inclusion criteria for the present studies ( Figure 1 ). Of these, 469 were taking LT 4 (LT 4 -treated) and 9512 were not taking LT 4 (healthy controls). In comparison to the healthy controls, LT 4 -treated participants had ϳ20% higher serum TSH levels, 10% lower serum free T 3 levels, and 15% lower total T 3 levels (Supplemental Table 1 ). In addition, their serum free and total T 4 levels were higher than those of healthy controls by about 15%. This resulted in ϳ25% lower T 3 :T 4 ratios in the LT 4 -treated participants. The LT 4 -treated participants also differed significantly in key demographic factors compared to these healthy 'controls': LT 4 -treated participants were older than those not using LT 4 , were more likely to be female, and had a different racial-ethnic distribution. This prompted the creation of a group of 'matched controls' -469 participants who were not using LT 4 and were matched by TSH, age, sex, and race were selected from the 9512 healthy controls.
Results
LT
When considering LT 4 -treated participants vs matched controls, results were consistent; LT 4 -treated participants exhibited 5%-10% lower free and total T 3 serum levels and 10%-15% higher free and total T 4 serum levels (Table 1). The serum T 3 :T 4 ratios were approximately 15%-20% less in LT 4 -treated individuals than in the matched controls.
Not all clinical parameters are 'normal' in LT4-treated participants 52 parameters possibly associated with thyroid hormone status were assessed in these groups ( Table 2 ). The LT 4 -treated participants exhibited about 5% higher BMI than healthy and matched controls (Supplemental Table 2 and Table 2 ). LT 4 -users had slightly higher systolic and lower diastolic blood pressures than healthy controls (Supplemental Table 2 ), but these differences subsided in the comparison of LT 4 -treated participants to matched controls (Table 2) . Heart rate did not differ between LT 4 -users and controls, although LT 4 -users were more likely to be taking beta-blocker medications than controls from either group. Serum HbA 1C levels and fasting glucose values were higher in healthy controls than LT 4 -treated participants, but these differences were not present in the comparison of LT 4 -treated participants to the matched controls (Supplemental Table 2 and Table 2 ). Triglyceride levels did not differ between LT 4 users and either control group. Serum LDL, HDL and total cholesterol levels were lower in the LT 4 -treated group than the matched controls, but more of these participants were taking statin medications (Table  2) .
Antidepressant use was more prevalent in LT 4 -treated participants than healthy or matched controls (Supplemental Table 2 and Table 2 ). Although more LT 4 -treated participants were using anxiolytic medications than the healthy controls, there was no difference in distribution of anxiolytic, or antipsychotic use, between LT 4 -treated participants and matched controls.
Physical activity and metabolic equivalent (MET) assessments were also available in NHANES. In general, LT 4 -treated participants reported less physical activity via these measures than the healthy controls, but some of these differences were no longer significant in the comparison with matched controls (Supplemental Table 2 and Table  2 ). LT 4 -users reported significantly less total, moderate work, and transportation METs than matched controls (Table 2) . However, LT 4 -treated participants reported more participation in moderate recreational activities, 41% vs 32% of matched controls.
Self-report of days in the past month where participants felt that their physical and mental health was 'not good' was more frequent in LT 4 -users compared to healthy controls, as was report of being inactive due to physical or mental health and frequency of reported problems with confusion/memory (Supplemental Table 2 ). There was no significant difference in these parameters in the comparison with matched controls, although there was a general trend toward impaired well-being reports in LT 4 -users (Table 2) .
LT 4 -treated participants consumed less calories per day in a 24-hour dietary recall than healthy controls (Supplemental Table 2 ). Although LT 4 -treated participants displayed the same calorie intake compared with matched controls, when adjusted by body weight, LT 4 -treated participants consumed about 5% less calories per day (Table  2 ). There were no differences in proportions of carbohydrate, protein, or fat reportedly consumed between the matched controls and LT 4 -treated participants.
A lower serum TSH in LT 4 -treated participants is associated with different metabolic profile but not higher serum T 3 The mean serum TSH from the 9981 participants was 1.75 mIU/L. Each participant group (LT 4 -treated, healthy and matched controls) was further divided into those with serum TSH values above or below this mean ( Tables 3 and 4) . Those LT 4 -users with serum TSH levels below the mean have about 10% higher free and total T 4 than those with serum TSH levels above the mean (Table 3) . However, serum free and total T 3 levels do not differ among LT 4 -treated participants with serum TSH levels above or below the mean. This resulted in ϳ10% lower free T 3 :free T 4 , total T 3 :free T 4 , and total T 3 :total T 4 ratios. In other words, although serum free T 4 levels are higher among LT 4 -users with slightly lower serum TSH levels within the normal range, serum T 3 levels (free or total) are unaffected (Table 3) . Despite the lack of difference in serum T 3 levels between LT 4 -users with serum TSH below and above the mean, there were several notable differences between these groups (Supplemental Table 4 ). LT 4 -treated participants with lower serum TSH levels had higher serum HDL and lower serum LDL, triglyceride and CRP levels compared to LT 4 -treated participants with serum TSH levels above the mean; they were also more likely to be using statin medications.
Factors correlating and associated with the T 3 :T 4 ratio
We next assessed correlation between the 52 clinical parameters possibly associated with thyroid hormone status and the serum free T 3 :free T 4 ratio in participant groups (Supplemental Table 5 ). No parameter demonstrated a strong correlation with the serum free T 3 :free T 4 ratio. Among the LT 4 -treated participants, serum triglycerides had the strongest direct correlation with serum free T 3 :free T 4 ratio (r ϭ 0.30) and age had the strongest inverse correlation (r ϭ -0.41). Assessment for correlation of these 52 parameters with either free T 3 (Supplemental Table 6 ) or free T 4 (Supplemental Table 7 ) was also performed; some factors correlated with free T 3 but not free T 4, eg, HDL, and some correlated with free T 4 but not free T 3, eg, triglycerides and antidepressants.
Because these correlations were not strong, we next performed univariate regression analyses to evaluate whether any of the 52 parameters were associated with the serum free T 3 :free T 4 ratio (Table 4 and Supplemental  Table 8 ). In all three groups, age, creatinine, and HDL were negatively associated with the serum free T 3 :free T 4 ratio and BMI, triglycerides, number of calories consumed daily, and grams of fat consumed daily were positively associated. Parameters that were positively associated in both the LT 4 -treated participants and the healthy controls, but not the matched controls, included smoking history, alcohol consumption and carbohydrate and protein The mean serum TSH level from the entire population was 1.75 mIU/liter. Participants within each group were then classified as having serum TSH levels above or below this mean, and then thyroid function tests reassessed for each subgroup. Data are mean Ϯ SD, n (%). P-value by -square (categorical data) or student's t test (continuous data). intake. beta-blocker usage (-) was associated with the serum free T 3 :free T 4 ratio in the healthy and matched controls, but not the LT 4 -treated participants. Antidepressant usage was positively associated with the serum free T 3 :free T 4 ratio in the LT 4 -treated participant group alone (Table  4) . Many of the 52 clinical parameters were significantly associated with the serum free T 3 :free T 4 ratio in the healthy control group only, including HbA 1C (-), fasting glucose (-), LDL (ϩ), and total cholesterol (ϩ) (Supplemental Table 8 ).
Factors that were identified to be associated with the serum free T 3 :free T 4 ratio in the LT 4 -treated participants by univariate regression analysis were then assessed in a model of multivariate regression (Table 5 and Supplemental Table 9 ). In this model, most clinical parameters were no longer significant among the LT 4 -treated and matched controls. Age was significant in all three groups; for instance in the LT 4 -treated participants, an age increase of 5 years was associated with a decrease in serum free T 3 :free T 4 ratio of about 0.14 ( Table 5 ). In the LT 4 -treated participants, calorie consumption was positively associated with the serum free T 3 :free T 4 ratio yet was not significant in either control group. In matched controls, sex was also associated (Table 5 ). In healthy controls, age, sex, BMI, calorie consumption, creatinine, total cholesterol, and triglycerides were also all associated with the serum free T 3 :free T 4 ratio (Supplemental Table 9 ).
Discussion
In comparison to euthyroid individuals not taking LT 4 , participants taking LT 4 with a normal serum TSH exhibited (i) relatively lower serum free and total T 3 , (ii) relatively higher serum free and total T 4 , and, consequently, (ii) lower T 3 :T 4 ratios; these relationships were consistent in the comparison with healthy and matched controls. While this phenomenon has been noted in the setting of LT 4 monotherapy for the last four decades, (3, 8, (22) (23) (24) (25) (26) (27) (28) (29) there are at least two prior, smaller, studies showing that serum T 3 levels can be normal in LT 4 -treated individuals with normal serum TSH (28, 30) . While this could be due to the smaller size of the study populations, it is notable that one of these studies is inconsistent with a previous publication from their own group (24) .
The major strength of the present studies is the availability of biochemical data as well as markers of quality of life (QOL) in a large population sample to assess for clinical relevance. There were major differences in 7 (out of a total of 21) objective (BMI, total cholesterol, HDL, LDL; beta-blocker, statin and antidepressant use), and 5 (out of a total of 31) subjective (nutrient intake, reported physical activity) clinical parameters between LT 4 -treated participants and matched controls. While we recognize that these parameters are not specific markers of hypothyroidism and we cannot determine whether they were different between the groups prior to LT 4 treatment, this does not mitigate the fact that these data present a strong challenge the dogma that having a normal serum TSH equates with euthyroidism in LT 4 -treatment.
While it is not clear what underlies the differences in these clinical parameters, the preclinical data indicate an important role played by the suboptimal normalization of serum T 3 and/or T 4 levels (10). However, the present results revealed that few of the clinical parameters were significantly associated with serum free T 3 , serum free T 4 and/or serum free T 3 :free T 4 ratio by univariate analysis, and the strength of the relationship was not always impressive. Furthermore, statistical significance was lost for most associations in the multivariate analysis. These observations are limited by the cross sectional nature of this Age was scaled to 5 yr, BMI scaled to 5 kg/m 2 , total cholesterol scaled to 50 mg/dL, triglyceride scaled to 50 mg/dL, creatinine scaled to 0.5 mg/ dL, beta-blocker use, current smoker, number of alcohol drinks consumed per day, total METs scaled to 1000 MET, and calorie intake scaled to 1000 calories. HDL and LDL were omitted due to multicollinearity with total cholesterol. BMI: body mass index, MET: metabolic equivalent. press.endocrine.org/journal/jcemstudy but may minimize the potential role for tight maintenance of serum T 3 and/or T 4 levels in patients with normal serum TSH. As a result, the door is open for other possible explanations, including recognized and unrecognized comorbidities, psychological implications of a chronic illness requiring long-term prescription medication, autoimmune confounders, or increased screenings and treatment in patients who do not feel well (12) . An unrelated byproduct of the present studies was the identification of demographic and biochemical variables that correlate with serum T 3 :T 4 ratios in a large group of normal individuals. Recall that in such group serum T 3 and T 4 levels as well as the T 3 :T 4 ratio is defined by thyroidal secretion as well as the deiodinase pathways (types 1 and 2). Thus, the multivariate analysis revealed that age, female sex and serum creatinine are negatively associated with serum free T 3 :free T 4 ratio. In contrast, BMI, total serum cholesterol and triglycerides were positively associated with serum free T 3 :free T 4 ratio. At the same time, in LT 4 -treated individuals, the type 2 deiodinase (D2) is the predominant source of circulating T 3 , (31) and thus any factor that affects this pathway, and thus the serum T 3 :T 4 ratio, is of great potential clinical relevance. In this regard, in the present investigation we found that in individuals taking LT 4 , only two variables were significantly associated with serum T 3 :T 4 ratio, namely age and number of calories consumed. The association with age is likely reflecting the fact that skeletal muscle contains D2 and sarcopenia advances with age. At the same time, the association with caloric intake is reminiscent of the fact that insulin stimulates D2-mediated T 3 production in the skeletal muscle (32) .
There are several limitations to these studies. NHANES is cross-sectional and thus causality cannot be ascertained; it also cannot be determined whether the groups differed prior to treatment with respect to the measured parameters, however, it is reassuring that prevalence of LT 4 use in this cohort (about 5%) resembles the prevalence of hypothyroidism that we would expect in an iodine-replete population (13) . Participants in these studies were grouped based on their self-reported use of LT 4 and there was no availability of records demonstrating previous diagnosis of hypothyroidism. Although hypothyroidism is a very prevalent condition, (13) LT 4 is not uncommonly prescribed for euthyroid individuals for other conditions such as fatigue, obesity, and depression, (1) and thus it is possible that the prevalence of these conditions are different between the groups and thus represent a source of confounding. This may not be likely given that euthyroid individuals taking LT 4 could exhibit low serum TSH, and thus would have been excluded from these studies. Lastly, there may be additional sources of recall bias or confounding as individuals taking prescription LT 4 may report worse QOL because the act of taking/needing a prescription medication may influence their perception of their health; this would more likely influence reporting of subjective variables and would not explain differences in the objective parameters.
In conclusion, NHANES participants with normal serum TSH levels on LT 4 montherapy exhibit lower serum T 3 :T 4 ratios than healthy euthyroid controls. LT 4 -treated individuals have higher BMIs despite reporting lower calorie intake corrected by body weight, report lower physical activity levels, and are more often taking statins, betablockers, and antidepressants. The mechanisms underlying these findings in the LT 4 -treated individuals remain undefined as we did not observe a significant association in the multivariable analysis with serum free T 3 , free T 4 or free T 3 :free T 4 ratio. Notwithstanding, the concept that establishing a normal serum TSH renders individuals on LT 4 monotherapy clinically euthyroid should be revisited and QOL measures should be more highly prioritized in hypothyroidism research and professional guidelines.
